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. 

A FUSE spectrum of the hot companion of the Cepheid S Mus has been obtained, 
reduced and analysed. Since the determination of the temperature of S Mus B is 
the prime goal of this program, we have identified two regions in the spectrum 
which are temperature sensitive in the temperature range of the companion, but 
which are not overly affected by molecular hydrogen absorption. From comparison 
of the spectrum with spectra of stars of known temperature, we have determined 
the temperature of the companion to be 17,000 K. From this a mass has been 
inferred. Combining this mass with the orbital velocity ratio of the Cepheid 
and the companion (from the ground-based Cepheid orbit, and HST GHRS echelle 
observations), the mass of the Cepheid is determined to be 6.0 =/- 0.4 solar 
masses. T h e  results have been presented at a conference (conference proceedings 
in press--see attachment). Final paper is nearing journal submission. 
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Abstract.  SMus is the Cepheid with the hottest known companion. 
As a benefit, the large ultraviolet flux made it the only Cepheid compan- 
ion for which the velocity amplitude could be measured with the echelle 
mode of the HST GHRS. Unfortunately, the high temperature is difficult 
to constrain at wavelengths longer than 1200 A because of the degener- 
acy between temperature and reddening. We have now obtained a FUSE 
spectrum in order to determine the temperature of the companion bet- 
ter. We have identified two regions which are temperature sensitive near 
16 000 K, but are relatively unaffected by H2 absorption (940 A, and the 
Ly /3 wings). By comparing S Mus B with other FUSE spectra, we have 
determined a temperature of 17 000 K. The resultant Cepheid mass is 
6.0 f 0.4 ME). 

1. Introduction 

Measurement of Cepheid masses has been a goal both for a thorough under- 
standing of these primary distance indicators and also as a benchmark for stellar 
evolution calculations of high mass stars. Specifically, the most important uncer- 
tainty in the calculations of evolutionary tracks of massive stars near the main 
sequence, core convective overshoot, can be constrained by the combination of 
a measured Cepheid mass and its luminosity. 

Ultraviolet high resolution spectroscopy has provided a group of Cepheid 
double-lined spectroscopic binaries. Specifically, the orbital velocity amplitudes 
of hot companions can be measured with the Hubble Space Telescope (HST) 
Space Telescope Imaging Spectrograph (STIS) or Goddard High Resolution 
Spectrograph (GHRS) and formerly IUE. The ratio of this amplitude with the 
orbital velocity amplitude of the Cepheid from a ground-based orbit provides 
the inverse mass ratio. Typically, a very accurate temperature or spectral type 
for the hot companion can be obtained from IUE low resolution spectra from 
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I "  1200 to 3200a, from which the mass of the companion can be inferred very 
accurately. 

The first step in the process is to determine the orbits of the Cepheids from 
the ground. As a sidelight, from a recent compilation of Cepheid orbits (Evans 
et al. 2004) approximately half the Cepheid binaries have been found to be 
triple systems. There is some bias in this fraction, since a massive secondary 
will increase the probability that the binary motion of the Cepheid is detected 
and studied. However, Cepheids have proved a valuable source of information 
about the multiplicity of massive stars. 

The Cepheid S Mus, however, has required a different approach than other 
Cepheid binaries. For a summary, see Evans et al. (1998, 2004). Its companion 
is the hottest known in a Cepheid system. This allowed an observation with 
the HST GHRS echelle mode (Bohm-Vitense et al. 1997), providing the most 
accurate velocity available for a binary Cepheid. However, this high temperature 
made it difEcult to determine the temperature of the companion. Specifically, 
the energy distribution of the spectrum rises monotonically in the IUE region 
(1200 to 3200A). This means the changes in the spectrum with temperature 
are small, and also that the temperature is coupled with reddening. The first 
step in remedying this was to obtain a Voyager spectrum of S Mus B (Evans, 
Holberg, & Polidan 1996). The Voyager spectral region (to wavelengths as short 
as 900A) is complicated by the H1 absorption. Because Voyager spectra have 
low resolution, only approximate corrections can be applied to correct for the 
H2 absorption. 

We recently obtained a FUSE spectrum in the 900 to 1200 A region. The 
aim of the project was to identify features which are temperature sensitive in the 
relevant spectral range (B3V to B5V) which are only slightly affected by H2 lines. 
We have used spectra from the FUSE archive (Table 1) to look for appropriate 
features. The spectra were reddened to the E(B  - V) of S Mus (E(B  - V )  = 0.23 
which corresponds to a column density of Nrr = 1.4 x 1021 cm-2) and then nor- 
malized using the flux in the wavelength range 1140 to 1170 A. The comparison 
stars are listed in Table 1, together with the temperatures and gravities deter- 
mined by one of us (DM) from Stromgren photometry, using the calibration of 
Napiwotzki et al. (1993). 

Table 1. Comparison Stars 

Star 

HD 97991 
HD 121800 
HDE 233622 
HD 51013 
HD 261878 
HD 72350 
HD 35899 
HD 37332 
HD 37641 

Spectral 
Type 
B1 V 
B1.5 V 
B2 V 
B3 V 
B3 V 
B4 IV 
B5 V 
B5 V 
B6 V 

E(B - V )  

0.02 
0.07 
0.03 
0.00 
0.04 
0.16 
0.03 
0.02 
0.05 

(mas) 
T 

25 500 
20 300 
21 000 
17 100 
15 500 
15 650 
16 700 
15 600 
12 800 

(K) 
1% 9 

cm s-2 
4.00 
1.30 
3.60 
4.30 
4.50 
3 .OO 
4.30 
4.50 
4.40 
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Figure 1. Lyp for the Cepheid companion S MusB (solid line) com- 
pared with HD51013 (T = 17100K; dotted line) and HD37332 (T = 
15600K; dashed line). The dot-dash line is the Hz absorption, show- 
ing that outside the line core; the wings are relatively unaffected by Hz 
absorption. 
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Two regions were identified for temperature determination: Ly and the 
region near 940 A, the shortest wavelength where flux is apparent in the S MusB 
spectrum. Fig. 1 shows the coniparisoii between the Ly ,f3 for S Mus B and the 
comparison stars. HD 51013 (B3V) and HD 37332 (B5V). L y p  is gravity sensi- 
tive, but we have restricted our comparisons to main sequence stars to remove 
that dependency. S Mus B is clearly a very good match to HD 51013 (B3V), and 
markedly different from HD 37332 (B5V). The same is true in the 940 A region. 
Based on this, we adopt 17000 K as the temperature, with an uncertainty of 
f500 K. 

In order to derive a mass corresponding to this temperature we have used 
the masses from Andersen (1991). We have combined these with the more recent 
temperatures from Ribas et al. (2000), based on Stromgen photometry, which 
should be comparable to the temperatures for our standard stars. The mass for 
S Mus B from the FUSE temperature and a linear fit to early B stars from the 
Andersen Ribas set is 5.3 f 0.26 Ma. 

The resulting mass from the previously measured velocity amplitude ratio 
(1.14 f 0.06, Bohm-Vitense et al. 1997) is 6.0 0.4Ma. This is very similar 
to the previous mass for the Cepheid (Bohm-Vitense et al. 1997), but with a 
significantly smaller uncertainty. 
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Discussion 

Aerts: How large is your convective overshooting parameter that fits best for 
S Mus? 
Evans: The mass of S Mus is close to that predicted by the moderate overshoot 
(0.2 pressure scale heights) of both the Geneva group (Schaller et al. 1992, 
A&AS, 96, 269) and the Padua group (Bertelli et al. 1994, A&AS, 106, 275). 
Kawaler: Could you clarify what core overshoot is being constrained? Cepheids 
have He burning cores which are convective. 
Evans: It is the boundary during the main sequence phase between the con- 
vective core and the radiative envelope. This determines the amount of fuel 
available during H burning, the main sequence lifetime, and also the luminosity 
during the He burning blue loops. 


